Tumor-associated neutrophils are increasingly recognized for their ability to promote tumor progression, mediate resistance to therapy, and regulate immunosuppression. Evidence from various murine models has shown that the chemokine receptor CXCR2 attracts neutrophil into tumors and, therefore, represents a tractable therapeutic target. Here, we report prominent expression of a neutrophil gene signature in a subset of human pancreatic adenocarcinoma (PDA). CXCL5 was the most prominently expressed CXCR2 ligand in human PDA, and its expression was higher in PDA than in any other common tumor represented in The Cancer Genome Atlas. Using a genetically engineered mouse model of PDA, we found that tumor and stromal cells differentially expressed CXCR2 ligands, with Cxcl5 high in tumor and Cxcl2 high in stroma. Cxcl5 expression was associated with mutant Kras expression and regulated by NF-kB activation. Host CXCR2 inhibition by genetic ablation prevented neutrophil accumulation in pancreatic tumors and led to a T cell-dependent suppression of tumor growth. In the absence of neutrophils, activated and functional T cells infiltrated pancreatic tumors otherwise devoid of effector T cells. Thus, the CXCR2-ligand axis helps establish an immunosuppressive microenvironment in PDA, highlighting the potential utility of targeting this axis as a novel therapy for this deadly disease.
Introduction
Despite advances using combination chemotherapy, pancreatic adenocarcinoma (PDA) remains one of the most lethal malignancies, with a dismal 5-year survival rate of $7.7% (http://seer. cancer.gov/statfacts/html/pancreas.html; refs. 1, 2) . Even with surgery and adjuvant therapy in patients with resectable PDA, the 5-year survival rate is 20% (3) . Alarmingly, PDA now kills more Americans than breast cancer and is predicted to become the second leading cause of cancer-related deaths in the United States by 2020 (4) . Therefore, expanding our knowledge of mechanisms promoting PDA progression and resistance is urgently needed.
Avoiding host immunity is a key feature of tumor progression (5) , and understanding the mechanisms by which cancer cells evade immune destruction is critical for the development of more effective treatment strategies. To describe the immune-tumor interactions in PDA, our lab previously characterized the immune infiltrate during progressive stages of PDA development using the Kras LSL-G12D/þ ;Trp53 LSL-R172H/þ ;Pdx1-Cre (KPC) murine model (6, 7) . We found extensive infiltration of immunosuppressive Treg and myeloid cells in both pancreatic intraepithelial neoplasia (PanINs) and PDA. In contrast, infiltration of effector T cells was scant in the tumor microenvironment. These observations suggested that a highly immunosuppressive environment is established even at the earliest stages of tumor development. Although immune checkpoint blockade with anti-PD-1/PD-L1 or anti-CTLA-4 is ineffective in stimulating antitumor immunity, depleting or "re-educating" immunosuppressive myeloid populations has proven to be more effective at eliciting antitumor T-cell responses in models of PDA (8) (9) (10) (11) (12) (13) .
Tumor-associated neutrophils (TAN) play important roles in cancer development, progression, and resistance to therapy (14) (15) (16) (17) . A meta-analysis of the literature concluded that TANs are typically pro-tumor and are strongly associated with poorer prognosis in the majority of human cancers (18) . TANs often exhibit protumorigenic functions, including promotion of angiogenesis, metastases, and immunosuppression (19) (20) (21) (22) (23) . However, TANs can also be antitumor in early-stage cancer or when TGFb is inhibited (24, 25) . Thus, whether TANs are pro-or antitumor depends in part on the specific cancer type and the stage of the tumor. In the context of PDA, the abundance of TANs is strongly associated with poorer prognosis (26, 27) . High intratumoral CXCL5, a chemokine for neutrophils, has also been associated with poorer overall survival (28) . In the KPC model, systemic depletion of GR1 þ myeloid cells, which includes neutrophils, can increase infiltration of effector T cells and inhibit tumor growth (13, 29) . Therefore, targeting neutrophils may be therapeutic in PDA.
CXCR2 ligands are essential for neutrophil egression from the bone marrow and trafficking toward sites of inflammation (30, 31) . CXCR2 is also essential for the recruitment of TANs in various cancers (32, 33) . In the KPC model, CXCR2 blockade by genetic ablation or pharmacologic inhibition reduces the recruitment of MPO þ neutrophils to the PDA tumor microenvironment and potently suppresses metastases (19) . CXCR2 inhibition sensitized PDA tumors that were otherwise highly resistant to anti-PD-1D-1 therapy. Here, using both human and mouse data, we build on the above results by detailing the mechanisms involved in CXCR2-ligand activation in PDA and discerning the impact on T-cell responses in the setting of CXCR2 disruption. We show that a subset of human PDA have significant elevation of TAN-related genes. Analysis of gene expression in human PDA revealed a correlation between high expression of CXCR2 ligands and enrichment of neutrophils and NF-kB related pathways. We further showed that the KPC model faithfully recapitulates human disease in the expression profile of CXCR2 ligands, with CXCL5 being the most prominent in both. Using a KPC-derived PDA cell line, we discovered that NF-kB activation can potently induce CXCL5 expression and secretion. We found that host CXCR2 ablation dramatically inhibited TAN accumulation and resulted in a spontaneous, T cell-dependent suppression of tumor growth. Therefore, our data support the hypothesis that the CXCR2-ligand axis is a promising therapeutic target in PDA.
Materials and Methods

Analysis of TCGA RNA-seq data
Normalized RSEM counts (rsem.genes.normalized_results) from primary tumor samples were downloaded from the NIH TCGA Research Network through the GDAC data portal (http:// gdac.broadinstitute.org/) and included all available Illumina HiSeq 2000 Level 3 gene-level data as of January 28, 2016. All samples marked as normal tissues were excluded. The following 15 cancer types (TCGA project, n ¼ sample size) were included in our analysis: hormone receptor-positive breast cancer (BRCA, n ¼ 823), colorectal adenocarcinoma (COADREAD, n ¼ 379), esophageal carcinoma (ESCA, n ¼ 184), glioblastoma (GBM, n ¼ 153), head and neck squamous cell carcinoma (HNSC, n ¼ 520), kidney renal clear cell carcinoma (KIRC, n ¼ 533), kidney renal papillary carcinoma (KIRP, n ¼ 290), liver hepatocellular carcinoma (LIHC, n ¼ 371), lung adenocarcinoma (LUAD, n ¼ 515), lung squamous carcinoma (LUSC, n ¼ 501), pancreatic ductal adenocarcinoma (PAAD, n ¼ 134), prostate adenocarcinoma (PRAD, n ¼ 497), colorectal adenocarcinoma (COADREAD, n ¼ 382), liver hepatocellular carcinoma (LIHC, n ¼ 373), lung adenocarcinoma (LUAD, n ¼ 517), lung squamous cell carcinoma (LUSC, n ¼ 501), skin cutaneous melanoma (SKCM, n ¼ 103), stomach adenocarcinoma (STAD, n ¼ 415), and thyroid carcinoma (THCA, n ¼ 501). Genes in which less than 30% of samples have a normalized RSEM count of more than 1 were filtered out from subsequent analysis. The normalized RSEM values were then log-transformed using the formula: log2(RSEM values þ 1).
The neutrophil gene signature was calculated as the log average of normalized RSEM expression of 31 genes that constitute a previously defined neutrophil signature (34) . To compare expression of CXCL5 and neutrophil signature across the 15 different cancer cohorts, the log 2 -normalized RSEM values were transformed to z-scores using the formula: z-score ¼ (Xaverage(X))/stdev(X), where X represents the RSEM values. The average and standard deviation were calculated from the expression of X across all samples included in this study.
Unsupervised hierarchal clustering was used to cluster the 134 PDA samples based on the expression of the neutrophilsignature genes or CXCR2 ligands. PDA subtype classifier and canonical gene sets were acquired from the indicated literature and Broad Institute's Molecular Signature Database (34) (35) (36) (37) . The "GSVA" package available in R/Bioconductor was used to calculate GSVA signature scores for each gene set (rnaseq¼T, mx.diff¼T). Differential expression of GSVA signature scores between cluster groups was calculated using the Holm-Sidak multiple comparison test. Adjusted values of 0.05 were considered statistically significant.
Histologic analysis of human PDA
Hematoxylin and eosin (H&E)-stained slides from the resected tumors of 12 patients with previously untreated, resectable PDA were prepared per routine at the Department of Pathology, Hospital of the University of Pennsylvania (Philadelphia, PA). The percentage of cancer epithelium, stroma, and lumen that have significant neutrophil involvement for each sample was then recorded. These studies were approved by the University of Pennsylvania Institutional Review Board.
Mouse PDA models
All mouse protocols were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Pennsylvania. Animals were maintained in a specific pathogen-free facility. Kras LSL-G12D/þ ;Trp53 LSL-R172H/þ ; Rosa LSL-YFP ;Pdx1-Cre (KPCY) and Kras LSL-G12D/þ ;Trp53 LSL-R172H/þ ; Pdx1-Cre (KPC) mice were bred in-house and backcrossed for over 10 generations with C57BL/6J mice (6, 38) . All of these mice were confirmed on the C57BL/6 background at the Dart-Mouse Speed Congenic Core Facility at the Giesel School of Medicine at Dartmouth College (Hanover, NH; ref. 11). Fourto 6-month-old KPC/KPCY mice with palpable tumors or with tumors >100 mm 3 by ultrasound were used in this study, with their age-matched controls. Cxcr2 À/À and Cxcr2 þ/þ littermates were bred in house from backcrossed, syngeneic Cxcr2 þ/À mice purchased from The Jackson Laboratory. These mice were maintained on acidified water (pH $3-4) to minimize opportunistic infections. Genotypes were determined by Transnetyx. C57BL/6J wild-type mice were purchased from The Jackson Laboratory. Six-to 12-week-old mice were used for tumor implantation studies.
Mouse PDA cell lines
All murine PDA cell lines, including 4662, were derived from primary pancreatic tumors of KPC mice. Briefly, dissociated cells from primary tumor were plated in a 6-well dish with serum-free DMEM to select for tumor cells. After two weeks, the cells were expanded in DMEM with 10% FBS. Only cells of 10 or fewer passages were used for experiments. The pancreatic-lineage origin of all PDA cell lines was validated by PCR for the presence of rearranged Kras LSL-G12D allele (39) . Cell lines were tested and authenticated using IMPACT and RADIL. Cell lines used for implantation studies were also tested and confirmed to be Mycoplasma and endotoxin free. All cell lines were maintained at 37 C and 5% CO 2 in complete media (cDMEM), which contains Dulbecco's Modified Eagle Medium (DMEM-GlutaMAX; Thermo Scientific) supplemented with 10% FBS, 1% L-glutamine, and 50 mg/mL gentamicin (Gibco).
In vitro treatment of 4662 PDA cell line with inhibitors and siRNA
The 4662 PDA cells were seeded at a density of 1 Â 10 5 cells/mL onto 6-well plates in cDMEM for 24 hours in triplicate. After washing with DMEM, cells were incubated for 24 hours with DMEM containing DMSO control, 10 ng/mL mTNFa (R&D), or 10 mmol/L U0126 (MEK1/2-i; Cell Signaling Technology), each with or without 20 mmol/L wedelolactone (IKK1/2-i; Sigma-Aldrich). After 24 hours, the supernatant was collected and frozen at À20 C until further analysis. Qiagen's RNeasy-Plus Mini Kit was used to isolate total RNA from pelleted cells. RNA quality was assessed using a NanoDrop ND-1000. Only samples with a 260/280 value of !1.9 were used. First-strand cDNA was synthesized using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Primer probes for 18S (Applied Biosystems), Csf2 (GM-CSF), Kras, Yap1, Cxcl1, Cxcl2, Cxcl3, Cxcl5, Cxcl7 (PPBP), and Cxcr2 (IDT) were used for qPCR in a ViiA 7 Real-Time PCR System. Relative expression was determined after normalizing to 18S expression.
For siRNA inhibition of Yap1 and Kras, 4662 PDA cells were seeded as described above. After washing with DMEM, the cells were transfected with 10 nmol/L of siRNA against Yap1 (Sigma-Aldrich; NM_009534), Kras (Life Technologies; S68935), and a Td-Tomato fluorescent negative control (Sigma-Aldrich; SIC005) using the Lipofectamine RNAiMAX Transfection Reagent (Life Technologies). After 48 hours of incubation, the supernatant and RNA were collected and analyzed as described above.
In vivo subcutaneous tumor implantation studies
PDA cells were cultured and harvested at 80% to 90% confluence. After assessing for >90% viability via hemocytometer with Trypan blue staining, 5 Â 10 5 cells were injected subcutaneously into the right flank. Tumor volume was monitored using digital calipers and calculated as (l x w 2 )/2, where l is the longest dimension and w is the perpendicular dimension. Mice were euthanized if tumor volume reached >1 cm 3 . For T-cell depletion studies, 200 mg of anti-CD4 (BioXCell, GK1.5l) and 200 mg of anti-CD8 (BioXCell; YTS 169.4), or 400 mg of isotype control (BioXCell; LTF-2) were administered intraperitoneally every 3 days for the duration of the study, starting 4 days prior to tumor implantation, an approach validated as previously published (39) .
Processing of plasma, tumor supernatant, and single-cell suspension from tissues
Mice were euthanized in a CO 2 chamber. Whole blood from cardiac puncture was collected in EDTA-containing Eppendorf tubes. The tubes were centrifuged at 12,000 Â g for 10 minutes. The resulting supernatants were centrifuged at 14,000 Â g for 15 minutes to remove remaining debris. Plasma samples were stored at À20 C until further use. Pancreata or subcutaneous tumors were dissected and rinsed with RPMI. To prepare samples for flow cytometric analysis or FACS, tissues were minced with fine scissors (!200 cuts) and incubated in collagenase IV solution (1 mg/mL in RPMI) for 30 to 45 minutes at 37 C. The solution was then placed on ice, and a 1:4 dilution with ice cold RPMI þ 10% FBS was added to stop the reaction. Dissociated cells were passed through a 70-mm cell strainer and pelleted. The supernatant was collected and frozen until further use. The pelleted cells were washed with FACS Buffer (PBS þ 0.5% BSA þ 0.5 mmol/L EDTA). After centrifugation, the cells were resuspended in FACS Buffer, filtered through another 70-mm cell strainer, and kept on ice.
Histopathology and immunofluorescence of tumors
Fresh pancreatic or subcutaneous tumors were rinsed in PBS and placed in Zinc Formalin Fixative (Sigma-Aldrich) overnight. Then they were dehydrated serially in 70%, 95%, and 100% ethanol. The tissues were then embedded in paraffin, which were processed to generate H&E and unstained sections. To rehydrate for immunofluorescence, unstained sections were serially submerged in Xylene (Sigma), 100% ethanol, 95% ethanol, 70% ethanol, and PBS. Sections were then blocked with 10% donkey serum þ 0.1% TritonX-100 in PBS overnight at 4 C, followed by incubation with a goat anti-GFP antibody (Abcam, ab6673; 1:200) and a rat anti-mouse Ly6G antibody (BioXCell, BE0075-1; 1:200) for 1 hour at room temperature. After washing, the sections were incubated with Alexa Fluor 488 donkey antigoat IgG (Invitrogen, A-11055; 1:200), Alexa Fluor 488 or Alexa Fluor 594 donkey anti-rat IgG (Invitrogen, A-21208 or A-21209; 1:200), and DAPI (Biolegend; 1:1000) for 1 hour at RT in the dark. Sections were then washed and mounted with Aqua-Poly/Mount (Polysciences). A Nikon Eclipse Ti-U fluorescent microscope was used to acquire images at a 64-bit data depth.
Measurement of chemokine concentrations in plasma, tumor, and cell culture supernatant
Plasma, tumor, and cell culture supernatant CXCL1 and CXCL5 protein levels were measured using the LEGENDplex Mouse Proinflammatory Chemokine Panel (13-plex) kit following the manufacturer's protocol. Bead identity and intensity were measured with a FACSCanto and subsequently analyzed with FlowJo.
FACS sorting and transcriptional analysis
YFP þ and YFP À populations from KPCY pancreata were sorted using a FACSAria II Flow Cytometer directly into TRIzol Reagent (Invitrogen). Total RNA was isolated following recommendations from the manufacturer. Briefly, cells were homogenized in TRIzol reagent. Chloroform (0.2 mL per 1 mL of TRIzol Reagent) was then added, vigorously mixed, and incubated for 2 to 3 minutes. After centrifugation at 12,000 Â g for 15 minutes at 4 C, the aqueous phase was isolated. Glycogen was added to the RNA solution to aid subsequent visualization of RNA pellet. Isopropanol was added to precipitate RNA, which was followed by washing with ethanol. The RNA pellet was resuspended in DNase/ RNase-free water. RNA quality was assessed using a NanoDrop ND-1000. First-strand cDNA was synthesized using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Primer probes for 18S (Applied Biosystems), Cxcl1, Cxcl2, Cxcl3, Cxcl5, Cxcl7, and Cxcr2 (IDT) were used for qPCR in a ViiA 7 Real-Time PCR System. Relative expression was determined after normalizing to 18S expression.
Flow cytometry
Between 5 Â 10 6 and 10 7 cells were plated per well in a 96-well plate. For ex vivo stimulation, cells were incubated with the Leukocyte Activation Cocktail, with BD GolgiPlug (1:500) in RPMI for 5 hours at 37 C before subsequent staining. Viability was assessed using the Live/Dead Fixable Aqua Dead Cell Stain Kit. Cells were then washed and stained with labeled antibodies (1:100) against surface markers at 4 C for 30 minutes in FACS Buffer. For intracellular stains, cells were fixed, permeabilized, and stained with labeled intracellular antibodies using the Transcription Factor Staining Buffer Set (eBioscience). After washing, labeled cells were analyzed using a FACSCanto or a LSR II flow cytometer (BD Biosciences). The FlowJo software was used to perform subsequent gating and quantification of cell populations. The gating strategies from several recent publications were used to define immune cell populations (12, 15) .
Cell labeling was performed with the following fluorescently conjugated mAbs directed against mouse CD31 (MEC 13.3), CD45 (30-F11), CD3 e (145-2C11), CD4 (RM4-5), CD8a (53-6.7), CD44 (IM7), CD62L (MEL-14), CD11a (M17/4), CD11c (N418), CD19 (6D5), F4/80 (BM8), CD11b (M1/ 70), Ly6C (HK1.4), Ly6G (1A8), IFNg (XMG1.2), TNFa (MP6-XT22), IL10 (JESS-16E3), IL2 (JES6-5H4), IL17 (eBio17B7), and FOXP3 (FJK-16s)-all acquired from Biolegend, eBiosciences, or BD Biosciences.
Statistical analysis
Significance in variations between two groups was determined by two-tailed, unpaired t test. Significance in variations between two groups for many factors was calculated using the Holm-Sidak multiple comparison test. Differences among three (or more) related groups for one factor were analyzed by one-way ANOVA, followed by the Tukey multiple comparison test. Differences in tumor growth curves and immune populations were analyzed by two-way ANOVA, followed by the Dunnett multiple comparison test. Statistical analyses were performed using GraphPad Prism (GraphPad). A P value of 0.05 was considered statistically significant.
Results
A subset of human PDA has significant TAN involvement
To investigate the extent of neutrophil infiltration in human PDA, we compared the normalized expression of a previously defined neutrophil gene signature in 134 resected PDA compared with 14 other primary cancer cohorts using RNA-sequencing data available from The Cancer Genome Atlas (TCGA; refs. 34, 40) . PDA ranked second, on average, among these 15 cancers in the expression of the neutrophil gene signature (Fig. 1A) . Thus, TANs may be relatively abundant in PDA. The PDA cohort naturally clusters into a TAN-high, a TAN-medium, and a TAN-low group (Fig. 1B ). To identify immune populations co-enriched in TANhigh tumors, gene set variation analysis (GSVA) was performed using previously defined "immunome" gene sets that specifically identify immune populations (34) . Confirming our cluster definition, the neutrophil-specific gene set was significantly enriched in the TAN-high group (Fig. 1C ). Of the 16 other immune populations tested, the macrophage and gd T-cell gene sets were also significantly enriched in TAN-high compared with TANmedium and TAN-low tumors (Fig. 1C ).
A number of landmark studies have delineated several subtypes of PDA based on genomic and transcriptomic data (35, 36, 41) . Four main subsets of PDA were identified by Bailey and colleagues: squamous, aberrantly differentiated endocrine exocrine (ADEX), pancreatic progenitor (PP), and immunogenic (Immune; 35). Squamous, ADEX, and PP subtypes are most similar to Collisson and colleagues quasimesenchymal (QM-PDA), exocrine-linked, and classical subtypes, respectively (35, 36) . PDA tumors could be further divided based on whether they have normal or activated stroma (41) . To explore whether neutrophil infiltration is associated with certain PDA subtypes, we used GSVA to compare the enrichment of previously defined PDA subtype gene sets in TAN-high and TAN-medium/low tumors (35, 36, 41) . Our analysis showed that TAN-high tumors have significant enrichment of genes in the normal stroma subtype and the squamous subtype, which has the poorest prognosis ( Fig. 1D ). However, high TAN involvement was not significantly associated with the immunogenic subtype, which is characterized by infiltration of adaptive immune cells.
To understand the spatial distribution of TANs in human PDA, a cohort of PDA-resected tumors from previously untreated patients (n ¼ 12) were examined by standard pathologic examination, in which neutrophils are readily identified on H&E staining ( Fig. 1E ). Eight of 12 tumors exhibited a mild to extensive degree of neutrophil infiltration, with a few tumors having significantly more TANs (Table 1) . Four tumors were devoid of neutrophils. One tumor had neutrophils only in neoplastic ductal lumens. In the remaining seven samples, neutrophils were also found within the cancer epithelium and stroma ( Fig. 1F ). Because none of the samples in this cohort was of the rare squamous subtype, comparisons of neutrophil infiltration between different PDA subtypes, as suggested by our analysis of TCGA data ( Fig. 1D ), could not be made on a pathologic basis.
CXCR2 ligand expression is strongly associated with neutrophil and NF-kB pathway in human PDA
To investigate whether CXCR2 ligands are involved in pancreatic cancer, we compared the expression of CXCR2 ligands (CXCR2Ls) in 134 PDA samples from TCGA. The expression of CXCL5 was not only higher than the other CXCR2Ls, but it was also markedly elevated in PDA compared with the other tumor types ( Figs. 2A and B ). In general, tumors with higher CXCL5 expression had higher neutrophil gene signature expression, and vice versa (Figs. 1A and 2B). However, even though PDA had the highest CXCL5 expression, it was not the highest in neutrophil gene expression. This may be explained by the role of other CXCR2Ls, besides CXCL5, in the recruitment of TANs in other cancers. Although CXCL5 expression was the highest among CXCR2Ls in human PDA, we also noted significant expression of other CXCR2Ls, especially CXCL8. Because these chemokines are likely redundant in their function, all CXCR2Ls were included in the subsequent analysis.
Unsupervised hierarchal clustering divided the PDA cohort into a CXCR2L-high group and a CXCR2L-low group (Fig. 2C ). To identify immune populations enriched in CXCR2L-high tumors, GSVA analysis was done using the "immunome" gene sets as above (34) . Of the 17 immune populations tested, only the neutrophil gene set showed significant enrichment in CXCR2L-high compared with CXCR2L-low tumors (Fig. 2D ). This result supported the hypothesis that CXCR2 ligands are specifically and selectively important for the recruitment of tumor-associated neutrophils (TAN), but not for other immune populations.
Because CXCR2L-high tumors should in theory overlap with TAN-high tumors, we hypothesized that CXCR2L-high tumors would be relatively more enriched in genes related to the squamous subtype. However, GSVA analysis of PDA subtypes showed that CXCR2L-high tumors are not significantly associated with any PDA subtypes, though there was a trend toward enrichment of the squamous subtype with an adjusted P value of 0.13 ( Fig. 2E) . Therefore, the CXCR2-ligand axis probably plays a role in PDA regardless of subtype.
In addition to immune populations and PDA subtypes, we were also interested in signaling pathways and biological processes that may be enriched in CXCR2L-high tumors. Of the 2,838 Hallmark, Canonical Pathways, and Gene Ontology gene sets that were curated by the Broad Institute's Molecular Signature Database, only 17 gene sets (0.6%) were significantly enriched in CXCR2L-high tumors ( Fig. 2F; ref. 37 ). Confirming our stratification of the PDA cohort into chemokine-high and -low groups, the majority of these significant gene sets (8 of 17) involved leukocyte trafficking and chemokine/cytokine-receptor signaling. As may be expected of tumors enriched with neutrophils, pathways involved in innate immune functions, such as pattern recognition and glycosaminoglycan (GAG) binding, were also significantly enriched. Gene sets related to IL1R, NOD-like receptor (NLR), and TNFa signaling were also significantly enriched in CXCR2L-high tumors. Importantly, these inflammatory pathways all converged on NF-kB signaling downstream. These findings suggested that increased NF-kB signaling may be associated with elevated CXCR2 ligand expression in PDA. TAN-hi (n = 28)
Color key -4 4 0 Row Z-score Figure 1 . A subset of human PDA have significant TAN involvement. A, normalized expression (z-scores) of the neutrophil gene signature in primary tumors across 15 TCGA cancer cohorts. Boxplot whiskers at 5th to 95th percentiles. Dashed line represents the average expression value. B, clustering of 134 human TCGA PDA samples using the 31 genes in the neutrophil signature into TAN-high, TAN-med, and TAN-low groups. C, comparison of GSVA signature scores for 17 different immune cell types between TAN-high and TAN-med/low groups. Holm-Sidak multiple comparison test; N.S., not significant. D, comparison of GSVA signature scores for PDA subtypes between TAN-high and TAN-med/low groups. Holm-Sidak multiple comparison test; N.S., not significant. E, H&E stain of a representative, resected human PDA sample (n ¼ 12) showing TAN involvement in the cancer epithelium, stroma, and lumen. F, bar graph of the percentage of cancer epithelium or stroma involved in each of the 7 PDA cases with TAN infiltration. 
KPC tumors have elevated neutrophil infiltration and CXCL5 expression
To further elucidate the role of TANs and the CXCR2-ligand axis in PDA, we then studied their involvement in murine models of PDA using Kras LSL-G12D/þ ;Trp53 LSL-R172H/þ ;Pdx1-Cre (KPC) and KPC with the Rosa LSL-YFP allele (KPCY) mice (38) . H&E staining of the pancreatic tumors of KPCY mice showed remarkable histologic similarity with human PDA (compare Figs. 1E and 3A) . Similar to human disease, immunofluorescent staining of murine neutrophils with an antibody to Ly6G showed extensive infiltration of neutrophils throughout the tumor microenvironment in most KPC tumors (Fig. 3A) . In contrast, almost no staining was observed in the pancreata of age-matched Pdx1-Cre (C) control mice. Flow cytometric analysis further confirmed a significant accumulation of CD11b þ Ly6G þ neutrophils in KPC tumors compared with control pancreas (Fig. 3B) . Therefore, the murine KPC and KPCY models faithfully recapitulated TAN involvement observed in human PDA.
To investigate CXCR2 ligands in murine PDA, we quantified CXCL1 and CXCL5 protein in KPC tumors and normal pancreas (Fig. 3C) . The results showed that both CXCL1 and CXCL5 were significantly elevated in pancreatic tumors compared with control Figure 2 . CXCR2 ligand expression is strongly associated with neutrophil and NF-kB pathway gene sets in human PDA. A, distribution of RSEM expression for all CXCR2 ligands in 134 human TCGA PDA tumors. Boxplot whiskers at 5th to 95th percentiles. Dashed line represents the average expression value of CXCL5. ÃÃ , P 0.01; ÃÃÃÃ , P 0.001 (one-way ANOVA, Dunnett multiple comparison test against CXCL5). B, normalized expression (z-scores) of CXCL5 in primary tumors across 15 TCGA cancer cohorts. Boxplot whiskers at the 5th to 95th percentiles. Dashed line represents the average expression value. C, clustering of 134 human TCGA PDA samples using CXCR2L expressions into CXCR2L-high and CXCR2L-low groups. D, comparison of GSVA signature scores for 17 different immune cell types between CXCR2L-high and CXCR2L-low groups. Holm-Sidak multiple comparison test; N.S., not significant. E, comparison of GSVA signature scores for PDA subtypes between CXCR2L-high and CXCR2L-low groups. Holm-Sidak multiple comparison test; N.S., not significant. F, log fold change of GSVA signature scores and the adjusted P values of canonical gene sets that are significantly elevated in CXCR2L-high compared with CXCR2L-low groups.
pancreas. However, the plasma concentrations of both of these chemokines did not differ significantly between KPC and control mice. This implied steeper chemokine gradients for CXCL1 and CXCL5 toward the pancreas of tumor-bearing KPC compared with control mice. To further address which cell populations were responsible for CXCR2 ligand expression in PDA, we compared the gene expression of these chemokines in YFP þ pancreaticlineage and YFPstromal cells in tumor-bearing KPCY mice (Fig.  3D ). Similar to human PDA, Cxcl5 was the most highly expressed CXCR2 ligand in YFP þ pancreatic cancer cells in KPCY mice (Fig.  3D ). However, YFP À stromal cells in the tumor also expressed many CXCR2 ligands, particularly Cxcl2. Thus, both tumor and stromal cells were involved in the expression of CXCR2 ligands and the recruitment of TANs.
Although not statistically significant, Cxcr2 was expressed primarily by YFP À stromal cells and not by YFP þ pancreatic cancer cells (Fig. 3D, inset) . Cxcr2 gene expression was below detectable limits in 8 of 8 KPC PDA cell lines (data not shown). In contrast, all of these cell lines highly expressed Cxcl5 (data not shown). Although both cancer and stromal cells contribute to expression of multiple CXCR2 ligands, expression of Cxcr2 receptor itself was primarily found in stromal populations rather than in cancer cells.
TNFa and KRAS/MEK inhibition induce CXCL5 expression in a NF-kB dependent manner
To explore the effects of mutant Kras and mutant Trp53 in regulating CXCR2 ligand expression, we compared the expression of all CXCR2 ligands in YFP þ pancreatic-lineage or YFP À stromal cells in 4 to 6 months old CY, PCY, and KCY mice (Fig. 4A ). Increased expression of Cxcl5 in YFP þ tumor cells and Cxcl2 in YFP À stromal cells was associated with mutant Kras and not mutant Trp53 expression. These data led us to hypothesize that pathways directly downstream or indirectly induced by oncogenic Kras may be responsible for regulating CXCR2 ligand expression. We therefore compared the expression of Cxcl5 via RT-qPCR in 4662 KPC cells treated with U0126 (a MEK1/2 inhibitor) or DMSO. The 4662 cell line is a well-characterized KPC-derived PDA cell line that has been previously described (8, 11, 42) . Inhibition of MEK resulted in a significant increase in Cxcl5 expression compared with control ( Fig. 4B) . In contrast, MEK inhibition led to a significant reduction in Csf2 (GM-CSF) expression in PDA, which confirmed previously published observations regarding GM-CSF regulation by oncogenic Kras (9) . Cxcl5 expression was also significantly increased in Kras siRNA-treated 4662 cells compared with control ( Fig. 4C) . Thus, KRAS-MEK signaling is not directly responsible for Cxcl5 expression; rather, Cxcl5 expression was likely regulated by pathways that are activated in response to KRAS inhibition in the setting of oncogenic Kras expression. An elegant study using an inducible oncogenic Kras model of PDA has shown that YAP1 activation in PDA cancer cells allows escape from oncogenic Kras addiction (43) . Recently, the same group showed that YAP1 directly regulates Cxcl5 expression in a murine model of prostate cancer (44) . To test the hypothesis that YAP1 directly regulates Cxcl5 expression in PDA, we compared the expression of Cxcl5 in 4662 cells (Fig. 4D ). Unlike the observations in prostate cancer, knock down of Yap1 did not significantly alter Cxcl5 expression in PDA cells in our model. From our analysis of TCGA PDA data, we noted that tumors with high CXCR2 ligand expression were significantly enriched in expression of genes associated with inflammatory signaling pathways, which all converged on NF-kB signaling. Therefore, we hypothesize that NF-kB signaling may be regulating Cxcl5 expression in PDA cells. To test this hypothesis, we compared the amount of secreted CXCL5 in the supernatant of 4662 PDA cells treated with mouse TNFa, which is a potent inducer of NF-kB activity, and those treated with DMSO control (Fig. 4E) . In support of our hypothesis, TNFa treatment significantly increased CXCL5 secretion. The TNFa-induced increase in CXCL5 was abrogated upon cotreatment with wedelolactone (NF-kB inhibitor), a selective inhibitor of IKKa/b that does not affect p38 MAPK or AKT activities. Importantly, NF-kB inhibition alone did not significantly alter baseline CXCL5 secretion. These results showed that NF-kB activity can potently induce CXCL5 secretion in PDA cells, but does not seem to affect baseline levels.
We then tested the hypothesis that NF-kB signaling in the setting of KRAS/MEK inhibition is responsible for the increased CXCL5 level. Indeed, NF-kB inhibition completely abrogated the increase in CXCL5 in the presence of MEK inhibition (Fig. 4E) . Therefore, NF-kB signaling may be an important pathway induced in response to KRAS/MEK inhibition in PDA cancer cells.
CXCR2 ablation specifically prevents TAN accumulation and inhibits tumor growth
The expression of multiple CXCR2 ligands by different cell populations in the tumor microenvironment suggested significant redundancy in chemotactic signal to recruit TANs in PDA. This complexity made targeting individual CXCR2 ligands difficult and confounded. However, CXCR2 ligands all converged on their binding to CXCR2, which as noted above, was primarily expressed in the stromal population, consistent with previous reports (32, 44) . To study the role of stromal CXCR2 in PDA, we compared the subcutaneous growth of 4662 KPC tumor cells in syngeneic Cxcr2 À/or Cxcr2 þ/þ hosts. Tumor growth was significantly delayed in the absence of host Cxcr2 (Fig. 5A) . A significant survival benefit was also observed in Cxcr2 knockouts (Fig. 5B) . Differences in tumor weight between Cxcr2 À/and Cxcr2 þ/þ hosts only became significant two to three weeks after implantation (Fig. 5C ). The lack of initial differences in growth kinetics and tumor weights showed that the 4662 PDA cell line was able to seed and establish tumors equally well in both Cxcr2 À/and Cxcr2 þ/þ hosts, suggesting that late factors were likely responsible for the observed differences in growth kinetics.
To understand if CXCR2 signaling was required for TAN accumulation in this PDA model, we compared the tumor-infiltrating immune populations in Cxcr2 À/and Cxcr2 þ/þ hosts. Histologic analysis with H&E staining showed remarkable similarity between the subcutaneous model and the KPC/KPCY model of PDA (Figs. 3A and 5D ). Immunofluorescent staining with anti-Ly6G on tumor sections showed diffuse tumor infiltration of neutrophils in Cxcr2 þ/þ hosts, similar to the pattern seen in human and KPCY PDA tumors. In contrast, TANs were almost completely absent in the tumors of Cxcr2 À/hosts (Fig. 5D ). Using flow cytometry to compare tumor-infiltrating immune populations on days 10, 14, and 21 after implantation, we noted a striking reduction in the density of tumor-infiltrating CD11b þ Ly6G þ neutrophils in Cxcr2 À/compared with Cxcr2 þ/þ hosts, with no difference in the density of F4/80 þ macrophages and CD11b þ Ly6C þ monocytes (Figs. 5E ). An analysis using absolute number rather than density of CD11b þ Ly6G þ neutrophils yielded the same conclusion ( Supplementary Fig. S1 ). Consistent with a previously published study, CD11b þ Ly6G þ granulocytes were found to be highly abundant in the spleen of Cxcr2 À/hosts at the earliest time point, which suggested that CXCR2 signaling primarily affected trafficking and not the differentiation of granulocytes (Fig. 5F; ref. 31) . Importantly, the density of tumor infiltrating CD3 þ T cells was significantly elevated in Cxcr2 À/compared with Cxcr2 þ/þ hosts 21 days after implantation. Therefore, these data support the hypothesis that CXCR2 signaling is specifically required for the accumulation of TANs, but not for other myeloid populations. Furthermore, lack of TAN accumulation corresponded with increased accumulation of tumor-infiltrating T cells 2 to 3 weeks after implantation.
Absence of TANs correlates with increased tumor infiltration and function of activated T cells
Flow cytometric analysis showed no significant difference in the density of CD45 À CD31 þ endothelial cells (data not shown). This result suggested that TAN modulation in our experiment did not affect tumor angiogenesis. In contrast, we found a significant increase in the infiltration of CD3 þ T cells in Cxcr2 À/compared with Cxcr2 þ/þ hosts (Fig. 5E ). Correspondingly, there was also a significant increase in the density of tumor-infiltrating CD4 þ T cells in Cxcr2 À/compared with Cxcr2 þ/þ hosts (Fig. 6A ). More detailed analysis showed that activated CD44 hi CD62L þ memory and CD44 hi CD62L À effector CD4 þ T cells were both significantly increased in Cxcr2 À/hosts (Fig. 6B) . In contrast, no difference was observed in the density of infiltrating CD4 þ FOXP3 þ Tregs (Fig.  6C) . As above, TANs were almost completely absent in this cohort of Cxcr2 À/compared with wild-type hosts (Fig. 6C) . Therefore, the absence of TANs corresponded with significant infiltration of activated T cells in the TME.
To highlight the change in the proportion of effector to suppressive immune populations, ratios of the density of activated CD4 þ CD44 hi T cells to the density of Tregs and TANs were calculated and found to be increased (Fig. 6D) . The ratio of the density of tumor infiltrating CD8 þ T cells to the density of TANs was also significantly elevated. These ratios highlighted the significant increase in the proportion of effector T cells and corresponding decrease in the proportion of suppressive immune cells in the tumors of Cxcr2 À/hosts. We further hypothesized that tumor-infiltrating effector T cells are more functional in Cxcr2 À/than in Cxcr2 þ/þ hosts. Indeed, ex vivo PMA/ionomycin stimulation induced higher proportions of IFNg-expressing cells in both CD4 þ and CD8 þ T-cell populations in Cxcr2 À/compared with Cxcr2 þ/þ hosts (Fig. 6E) . A higher proportion of CD4 þ T cells was also induced to express IL17, which indicated more functional T h 17 cells. These results supported the hypothesis that T cells were indeed more functional in the absence of TANs.
To test the hypothesis that T cells were responsible for inhibiting tumor growth in Cxcr2 À/À mice, we compared tumor growth in Cxcr2 À/and Cxcr2 þ/þ mice treated with dual depleting antibodies against CD4 and CD8 or isotype control (Fig. 6F) . Tumor growth did not differ between control and CD4/8-depleted Cxcr2 þ/þ mice, which suggested that CD4 þ and CD8 þ T cells do not naturally impact PDA tumor growth, confirming our recent results (39) . There was a significant difference in tumor growth comparing Cxcr2 þ/þ and Cxcr2 À/mice in the control group, but in contrast, tumor growth in isotype-treated Cxcr2 þ/þ and CD4/CD8-depleted Cxcr2 À/mice was not significantly different. Thus, depletion of T cells in Cxcr2 À/hosts completely rescued tumor growth. This result strongly supported the hypothesis that CD4 þ /CD8 þ T cells were responsible for inhibiting tumor growth in Cxcr2 À/mice. Altogether, these data show that the CXCR2ligand axis is required for recruitment of TANs, which regulates T-cell immunity in PDA.
Discussion
Multiple studies have demonstrated the importance of CXCR2 in the recruitment of tumor-promoting and immunosuppressive myeloid cells in various cancers, including PDA (19, 32, 33, 44) . It has been shown that CD3 þ T-cell infiltration increases upon CXCR2 inhibition in murine PDA (19) . Here, we aimed to understand the relevant CXCR2 ligands and mechanisms regulating CXCR2 ligand expression in the TME, as this insight may help advance efforts at clinical translation. Our work adds to previously published studies in several key areas. We report: Figure 5 . CXCR2 ablation specifically prevents TAN accumulation and inhibits tumor growth. A-F, an independent cohort of Cxcr2 À/and Cxcr2 þ/þ mice was used for A, C, and E-F, another cohort for B, and another cohort for D. Each of these experiments was done once unless otherwise indicated. A, 4662 PDA tumor growth in Cxcr2 À/compared with Cxcr2 þ/þ littermates after subcutaneous implantation (n ¼ 7 per group). Graph shows mean AE SD of one experiment. Ã , P 0.05 on day 21 (two-way ANOVA, Dunnett multiple comparison test). The observed difference in tumor growth until day 21 was observed in a second, independent experiment. B, Kaplan-Meier survival analysis of Cxcr2 À/-(n ¼ 6) compared with Cxcr2 þ/þ (n ¼ 10) littermates subcutaneously implanted with 4662 PDA tumors (P value ¼ 0.0119, log-rank test). This result is representative of two independent experiments. C, comparison of tumor weights and cell density in Cxcr2 À/compared with Cxcr2 þ/þ hosts on day 10, 14, and 21 (n ¼ 7 per group/day). Graph shows mean AE SD of one experiment. ÃÃÃ , P 0.001 (two-way ANOVA, Sidak multiple comparison test). D, representative H&E (10Â) and Ly6G-DAPI (10Â) stain in Cxcr2 À/À compared with Cxcr2 þ/þ controls (n ¼ 8 per group). E, flow cytometric measurement of the density of CD11b þ Ly6G þ TANs, CD11b þ Ly6C þ monocytes, CD3 þ T cells, and F4/80 þ macrophages in the tumors of Cxcr2 À/À and Cxcr2 þ/þ littermates on days 10, 14, and 21 (n ¼ 7/day/group). Graph shows mean AE SD of one experiment. Ã , P 0.05; ÃÃ , P 0.01; ÃÃÃ , P<0.001 (two-way ANOVA, Sidak multiple comparison test). The observed differences of TANs, monocytes, T cells, and macrophages on day 21 were repeated in another independent experiment. F, the percentage of CD11b þ Ly6G þ TANs, CD11b þ Ly6C þ monocytes, CD3 þ T cells, and F4/80 þ macrophages in the spleens of Cxcr2 À/À and Cxcr2 þ/þ littermates on days 10, 14, and 21 (n ¼ 7/day/group). Graph shows mean AE SD of one experiment. Ã , P 0.05; ÃÃ , P 0.01 (two-way ANOVA, Sidak multiple comparison test).
(i) neutrophils are an important aspect of the human PDA TME particularly in the squamous subtype; (ii) human PDA has particularly high CXCL5 expression and other CXCR2 ligands compared to other cancer types, as confirmed in our murine model; (iii) CXCL5 expression is correlated to NF-kB signaling pathways in human PDA and, in our mouse model, CXCL5 is strongly induced by NF-kB activation; (iv) abrogation of CXCR2 signaling slows tumor growth in mice and triggers an influx of activated and functional CD4 þ T cells into the TME; and (v) depletion of T cells completely reverses the antitumor effects of CXCR2 inhibition. Our data add to important accumulating evidence that the CXCR2-ligand axis is a promising target for the treatment of PDA (19, 45, 46) . We have previously shown that the PDA tumor microenvironment has elevated frequency of myeloid cells (7, 13) . Several landmark studies have described novel methods of using predefined gene signatures to derive the relative abundance of immune populations from gene expression data in complex tissues (34, 47) . Here, similar to comparing relative expression of a single gene between samples, we compare the expression of such previously defined gene sets as a surrogate for the relative abundance of immune cells, pathway activation, and PDA subtypes. Our analysis of human TCGA data confirms that at least a subset of human PDA, especially those of the squamous subtype, also has significantly elevated infiltration of TANs. This is in remarkable congruence with the recent work by Steele and colleagues showing that absence of TAN accumulation in murine KPC PDA tumors is associated with decreased expression of genes in the squamous subtype compared with controls (19, 35) . We also report here that TAN-high tumors have elevated expression of macrophages and gd T-cell-related genes. This result supports the recent evidence that gd T cells can promote TAN accumulation (48) and may relate to new data regarding gd T cells in PDA (49) . TANs have also been shown to highly express CCL chemokines, which can recruit macrophages (16, 50) . Although it remains to be confirmed, our analysis suggests that such interactions between TANs, macrophages, and gd T cells may also exist in PDA. Despite ample evidence of TAN accumulation in PDA, the mechanism leading to increased TAN infiltration is not fully understood and may be due to active recruitment via chemokines or passive response to tissue damage. Recently, Steele and colleagues demonstrated that Cxcl2 expression is significantly elevated in the KPC mouse model of PDA and showed that CXCR2 inhibition significantly reduces the infiltration of MPO þ neutrophils using IHC (19) . In another study also using the KPC model, Seifert and colleagues showed that CXCL1 is elevated in a RIP1/3-dependent manner and that anti-CXCL1 treatment reduces the infiltration of GR1 þ CD11b þ cells, which consist of a heterogeneous population, including TANs and monocytes (51) . Using an implantable model of KPC PDA, we confirmed that CXCR2 regulates the accumulation of TANs. In addition, our data revealed that CXCR2 ablation specifically inhibited the accumulation of neutrophils, without affecting infiltration of other myeloid populations. A role for CXCR1 was not directly studied in our work and cannot be excluded from our results here. Indeed, CXCR1 and CXCR2 have both been shown to be individually sufficient for chemotaxis of human neutrophils in vitro when induced by CXCL8 and CXCL1, respectively (52) . However, from the near absence of granulocytes recruited to the tumor in vivo using our Cxcr2 knockout mice, we hypothesize that CXCR2, rather than CXCR1, plays the dominant role in the recruitment of granulocytes in our mouse PDA model. Considering the inherent differences between mouse and human genome, whether this conclusion also applies in human PDA remains unknown and difficult to study in vivo using our immune-competent PDA mouse model. It is possible that CXCR1 inhibition may further decrease granulocyte recruitment when in combination with CXCR2 inhibition.
Although previous studies have shown elevation of various CXCR2 ligands in PDA, only a few have attempted to delineate the source of these chemokines within the tumor microenvironment (19, 44, 51) . Here, an unbiased analysis of all CXCR2 ligands using TCGA RNA-sequence data revealed that CXCL5 and CXCL8 expression were orders of magnitude higher than other CXCR2 ligands in PDA. Furthermore, CXCL5 expression was much higher in PDA compared with other solid tumors. Analysis of all murine CXCR2 ligands in KPCY tumors revealed an abundance of Cxcl2 and Cxcl5 expression, which are primarily expressed by stromal and pancreatic-lineage cells, respectively. Interestingly, Steele and colleagues also reported an enrichment of Cxcl2 and Cxcl5 expression in the tumor epithelium of KPC tumors compared with WT pancreas (19) . Assigning direct orthologous relationships between human and mouse chemokines can sometimes be difficult (53) . For instance, the mouse has no homolog of human CXCL8. CXCL8, which binds to both CXCR1 and CXCR2, plays an important role in the recruitment of neutrophils in human cancers (54) . Indeed, CXCL8 was the second highest expressed CXCR2 ligand in the PDA samples in TCGA and may also be playing an important role in neutrophil recruitment in human disease. Because CXCL8 is absent in the mouse genome, its role cannot be further explored using our KPC or KPCY mouse models. Furthermore, human CXCL5 and CXCL6 are both very similar to Cxcl5 in the mouse, which also does not have Cxcl6. Given the difference between species, we find the congruence of elevated CXCL5 expression in human and Cxcl5 expression in mouse PDA even more remarkable. CXCL5 protein level is strongly associated with reduced overall survival in a cohort of human PDA (28) . Thus, our data highlighted the prominence and uniqueness of CXCL5 expression in PDA.
Because CXCL5 was the most highly and universally expressed CXCR2 ligand, we studied the regulation of its expression in more detail. Here, we discovered that NF-kB activation can potently increase CXCL5 protein level in KPC PDA cells. Again, this was consistent with human TCGA data, in which PDA tumors with high CXCR2 ligand expression are also significantly enriched in the expression of inflammatory pathways involving NF-kB. Although the populations expressing these pathways could not be determined using TCGA data alone, our results from the mouse model suggested that NF-kB activity may be enhanced in the cancer cells themselves. Studies in a mouse model of pancreatic intraepithelial neoplasia (PanIN) show that RELA is activated in the presence of oncogenic KRAS and regulates the expression of Cxcl1 (55). Indeed, RELA/p50 is constitutively activated in almost 70% of pancreatic cancers (56) . An elegant study by Ling and colleagues using pancreas-targeted knockout of IKKb in Pdx1-Cre;LSL-Kras G12D ; Ink4a/Arf F/F mice showed that inactivation of NF-kB signaling completely inhibited PDA development (57) . They further demonstrated that KRAS G12D -driven AP-1 activation can induce the expression of IL1a, which in turn acted in an autocrine manner and activated NF-kB to induce more IL1a expression in a positive feed-forward loop. Contrary to the implications from this study, we found that NF-kB activity actually increased when KRAS or MEK was inhibited. Although the mechanism of this increased activity remains to be determined, we speculate that it may have resulted from enhanced PI3K/AKT signaling, which is upstream of NF-kB activation, upon MEK inhibition (58) . Altogether, our data suggested that NF-kB activation is important for inducing CXCL5 expression in PDA.
The frequency of tumor-infiltrating T cells increases significantly in the setting of CXCR2 inhibition (19, 44) . This observation was also true in our subcutaneous, implantable murine model of PDA. This subcutaneous model faithfully recapitulated the histology, immune infiltration, and even response to therapy of spontaneous KPC pancreatic tumors (8, 11, 12) . Another group used the spontaneous, autochthonous KPC model and reported similar conclusions to those presented in this paper (19) . In this study, pharmacologic CXCR2 inhibition suppressed metastasis and prolonged survival in KPC mice. Furthermore, in the context of anti-PD-1 therapy, cotreatment with a CXCR2 inhibitor led to increased infiltration of effector CD4 þ and CD8 þ T cells. Adding to this study, we observed that the tumor-infiltrating T cells in Cxcr2 À/hosts consisted mostly of activated, effector CD4 þ T cells. Although the density of tumor infiltrating CD8 þ T cells was not increased in Cxcr2 À/mice, the proportion of IFNg-producing cells increased among both activated CD4 þ and CD8 þ T-cell populations. This result supported the hypothesis that TANs are immunosuppressive in PDA.
However, the specific mechanisms of how TANs suppress infiltration of T cells in PDA remain to be elucidated. One possible mechanism is the secretion of arginase 1 (ARG1) by TANs, which depletes L-arginine from the microenvironment and inhibits T-cell proliferation (23) . Because granulocytic-myeloid derived suppressor cells (G-MDSC) are defined in mice as CD11b þ Ly6G þ Ly6C lo cells that suppresses T-cell proliferation or function, TANs, or at least a subset of them, fulfill this definition in our PDA model (15) . Future work must be done to further delineate the relationship between TANs and G-MDSCs. Given that PDA is naturally void of effector T cells, the observation that effector T cells could infiltrate in the absence of TANs is particularly exciting. Indeed, CXCR2 inhibition sensitized the otherwise highly resistant KPC PDA to anti-PD-1 therapy, with durable response in a small subset of tumors (19) . Therefore, our data support the emerging notion that targeting specific components of the pancreatic tumor microenvironment may be needed in order to sensitize tumors to combination chemotherapy and immune checkpoint inhibitors (8, 11, (59) (60) (61) .
Besides their immunosuppressive function, TANs can also promote angiogenesis (21) . In fact, reduced blood vessel density was observed in xenografts of a mutant H-RAS expressing HeLa cell line when CXCL8 is inhibited compared with controls (62). However, in our model with syngeneic immunocompetent mice, depletion of CD4 þ and CD8 þ T cells was sufficient to rescue tumor growth in Cxcr2 À/hosts. Furthermore, the density of endothelial cells did not differ significantly between the tumors of Cxcr2 þ/þ and Cxcr2 À/hosts. These results argued that TANs primarily promote tumor growth via immunosuppressive mechanisms in our model rather than through reduction in angiogenesis.
In summary, we conclude that CXCR2 is required for the recruitment of TANs, which in turn can suppress antitumor T-cell responses. We showed that CXCR2 ligands, particularly CXCL5, are elevated in both human and mouse PDA. Furthermore, expression and secretion of CXCL5 in our mouse model is potently induced by NF-kB activation. Finally, we showed that PDA tumor growth can be inhibited in a T cell-dependent manner in the context of CXCR2 inhibition. Therefore, the CXCR2-ligand axis is emerging as a potential target for the treatment of PDA.
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